Hyperprolactinaemia is one of the most common problems in clinical endocrinology. It relates with various aetiologies (physiological, pharmacological, pathological), the clarification of which requires careful history taking and clinical assessment. Analytical issues (presence of macroprolactin or of the hook effect) need to be taken into account when interpreting the prolactin values. Medications and sellar/parasellar masses (prolactin secreting or acting through "stalk effect") are the most common causes of pathological hyperprolactinaemia. Hypogonadism and galactorrhoea are well-recognized manifestations of prolactin excess, although its implications on bone health, metabolism and immune system are also expanding. Treatment mainly aims at restoration and maintenance of normal gonadal function/fertility, and prevention of osteoporosis; further specific management strategies depend on the underlying cause. In this review, we provide an update on the diagnostic and management approaches for the patient with hyperprolactinaemia and on the current data looking at the impact of high prolactin on metabolism, cardiovascular and immune systems.
Introduction
Prolactin (PRL) was first discovered between the late 1920s and early 1930s after different authors independently demonstrated lobular-alveolar development and lactation in rabbits after injection of an anterior pituitary extracts [1, 2] . In 1933, the "pro-lactin" hormone was purified from animals and was given its name by Riddle et al. [3] . It was first separated from growth hormone (GH) in human pituitary glands by Friesen et al. in 1970 [4] , as prior to this, radioimmunoassay differentiating PRL from GH was not available [1, 2, [5] [6] [7] . Though initially recognized for its lactogenic action, PRL is now understood to act at many different tissues producing a diverse range of biological functions [8] . PRL belongs to the PRL/GH/placental lactogen family, the members of which share common structural, functional, and binding properties, and arise from a common ancestral gene [2, 8] .
Secretion of PRL by the pituitary gland has a circadian rhythm with higher levels during sleep and lower during wakefulness [6] . Increased concentrations are also seen during ovulation [9] . Synthesis and secretion of PRL is regulated through both inhibiting and releasing factors [8] . PRL inhibiting factors include dopamine, gamma-aminobutyric acid (GABA), and somatostatin [8] . Dopamine is the main inhibitory factor involved in PRL regulation and acts through binding to D2 and D4 receptors in the pituitary lactotrophs. This results in down-regulation of PRL gene expression, reduced secretion of PRL, and decreased lactotroph proliferation [10] . Several hormones and neuropeptides have been Oestrogens enhance PRL secretion via different proposed mechanisms including regulation of PRL gene expression, downregulation of dopamine receptor expression, and stimulation of lactotroph cell hyperplasia [8, 11] . Accordingly, PRL levels are influenced by the menstrual cycle, menopause, and pregnancy, and any high oestrogen state (e.g., pregnancy) is a potential cause hyperprolactinaemia [18, 19] . Tanner et al. assessed PRL concentrations in 6540 subjects including men, non-pregnant women at different phases of the menstrual cycle, and post-menopausal women [18] . Pre-menopausal women had significantly higher values compared with post-menopausal ones and men [18] . Furthermore, PRL was significantly higher during ovulation, leading the authors to advocate for the use of specific reference intervals according to the phase of menstrual cycle, or measurement of PRL in the early follicular phase [18] .
Hyperprolactinaemia is a well-established finding during normal pregnancy [19] . In a study of 994 women, non-pregnant, pregnant, or post-partum, Hu et al. [19] found PRL levels progressively increasing across the three trimesters of pregnancy; 29.19 to 168.44 µg/L for the first trimester, 67.3 to 251.43 µg/L for the second, and 192.1 to 457.48 µg/L for the third one.
Increases in PRL can occur with use of oral contraceptives containing high doses of oestrogen (35 mcg) [20] but this has not been shown with modern contraceptives with lower amounts of oestrogen [19, 21] .
Breastfeeding
Suckling during nursing is a strong physiologic stimulus for PRL secretion [8] possibly by releasing the lactotrophs from the tonic inhibition of dopamine [8, 22] . TRH, vasopressin, oxytocin, and salsolinol have also been proposed as factors involved in the suckling-induced PRL release [8, 22] .
Stress
Hyperprolactinaemia with values usually up to 100 µg/L may be observed as a response to stress [6, 15, 23] but the responsible mechanism has not been fully elucidated. It has been postulated that stress-induced changes in dopamine and serotonin may affect PRL release contributing to hyperprolactinaemia in this setting [15] .
Exercise
Exercise increases PRL in a magnitude proportional to the intensity and duration of the activity [24, 25] . Elevation in PRL has been observed following both aerobic and anaerobic exercise but it is greatest in high-intensity anaerobic exercise such as interval training [24] . The peak PRL is thought to occur following exercise [24] , and, therefore, it is suggested to avoid vigorous exercise for at least 30 min before blood sampling for PRL measurement [26] . The mechanism of exercise induced-hyperprolactinaemia has not been not fully elucidated.
Chest Wall Injury
Different processes causing chest wall irritation such as burns, herpes zoster, or injury have been associated with hyperprolactinaemia [25] . This is thought to take place via a neural mechanism interfering with dopamine transmission, as that occurs with suckling [8, 22] . Despite the finding that lactation and nipple stimulation can increase PRL [8] , breast examination, breast ultrasound, or mammography do not appear to cause hyperprolactinaemia [27] [28] [29] .
Pathological Causes

Prolactin-Secreting Pituitary Tumours
The most common pituitary cause of hyperprolactinaemia is the presence of prolactinoma. This is the most frequent subtype of pituitary adenoma (accounting for 57% of all pituitary adenomas), and presents more commonly in females with a peak prevalence in women aged 16 to 48 years [30] .
Prolactinomas are classified by their size, with microprolactinomas measuring <1 cm and macroprolactinomas ≥1 cm (giant ones measure >4 cm) [25, 31] . In general, the degree of hyperprolactinaemia correlates with prolactinoma size, however, there are some important caveats to this which will be addressed in the Diagnosis section below. For microprolactinomas, PRL is usually 100 to 200 µg/L, however, outliers exist; in the Brazilian Multicenter Study on Hyperprolactinaemia which included 444 patients with microprolactinoma, mean PRL was 165 µg/L but ranged from 32 to 525 µg/L [32] . Hyperprolactinaemia is also seen in adenomas co-secreting GH and PRL [33, 34] .
Based on the 2017 WHO classification of pituitary adenomas, morphological variants of the lactotroph adenomas are the sparsely granulated, the densely granulated, and the acidophil stem cell adenoma which also expresses GH [35] . PRL expression is also seen by immunohistochemistry in pluri-hormonal Pit-1 adenomas, mammosomatotroph adenomas, and mixed somatotroph-lactotroph adenomas [35] .
Prolactin secreting adenomas can be part of genetic syndromes, such as multiple endocrine neoplasia type 1 (MEN1) or type 4 (MEN4), familial isolated pituitary adenoma (FIPA) or Carney complex [36] . MEN1 is an autosomal dominant condition usually due to loss of heterozygosity of the MEN1 gene which encodes the menin protein [36] . Clinical features of MEN1 include primary hyperparathyroidism, pituitary adenomas, and pancreatic neuroendocrine tumours [36, 37] . Although less than 3% of pituitary adenomas are associated with MEN1, they are present in 30-40% patients with this syndrome [36, 37] with prolactinoma being the most common subtype [36] [37] [38] . Inactivating germline mutations of the aryl hydrocarbon receptor interacting protein (AIP) gene are found in 20% of families with FIPA [39] . Although AIP mutations are usually associated with GH-secreting adenomas, they can also be detected in patients with prolactinoma [39] . Carney complex is an autosomal dominant condition characterized by spotty skin pigmentation, myxomas, and multiple endocrine hyperfunction; it is most commonly caused by an inactivating germline mutation in the PRKAR1A gene and the protein it encodes is a type 1A regulatory subunit of protein kinase A [36] . Pituitary adenomas occur in 10 to 20% of patients with Carney complex, most are GH secreting tumours but some of them co-secrete GH and PRL [36, 40] .
"Stalk-Effect"
Any lesion leading to interruption of the dopaminergic pathways due to compression of the pituitary stalk and portal vessels can lead to hyperprolactinaemia through the "stalk effect" [including pituitary adenomas with the most common cause in this setting being the non-functioning pituitary adenomas (NFA); parasellar tumours (such as Rathke's cleft cyst, craniopharyngioma, meningioma or germinoma); metastatic pituitary disease, infiltrative/inflammatory diseases (such as lymphocytic hypophysitis, Langerhans cell histiocytosis, and sarcoidosis)] [6, 25, 41] . Stalk compression from NFA or other parasellar tumours is typically associated with PRL levels <100 µg/L [42, 43] . Hyperprolactinaemia has also been reported in 7 to 10% of patients with primary empty sella syndrome attributed to compression of the pituitary gland against the sellar walls causing stretching of the pituitary stalk [44] .
Renal Failure
Hyperprolactinaemia is common in patients with renal disease and is recognized as a cause of hypogonadism and sexual dysfunction in these patients [25, 45] . PRL usually ranges between 30 and 108 µg/L, although rarely, much higher concentrations exceeding 600 µg/L may be observed [45] . Increased PRL secretion and decreased PRL clearance are both thought to contribute [25, 45] . Hyperprolactinaemia resolves following successful renal transplantation [25] .
Liver Cirrhosis
Hyperprolactinaemia is common amongst patients with cirrhosis with levels less than 100 µg/L. Its degree correlates with the severity of liver disease [46] . The mechanism is thought to be secondary to decreased dopamine-mediated PRL inhibition, as well as increased circulating oestrogen levels [46] .
Primary Hypothyroidism
It has been suggested that approximately 40% of cases of primary hypothyroidism are associated with hyperprolactinaemia [47, 48] caused by stimulation of lactotroph cells from the increased TRH levels [9] . Its magnitude correlates with the degree of TSH elevation [47] . Hyperprolactinaemia is typically mild with values <100 µg/L [47, 48] . A further mechanism of hyperprolactinaemia secondary to untreated primary hypothyroidism is thyrotroph hyperplasia, which can mimic a pituitary adenoma and induce hyperprolactinaemia via the "stalk effect" [25, 49] .
Polycystic Ovarian Syndrome
Hyperprolactinaemia has been reported in 7 to 52% of women with polycystic ovarian syndrome (PCOS) [50, 51] . Its pathogenesis has not been elucidated; oestrogen-mediated stimulation of lactotrophs and relative dopamine deficiency have been proposed [50, 51] . Given the presence of PRL receptors in the adrenal gland [8] , it has also been postulated that hyperprolactinaemia stimulates adrenal androgen production contributing to the hyperandrogenism of PCOS [51] . It should be noted that whether hyperprolactinaemia is truly a clinical feature of PCOS remains controversial. A case-control study of 82 women with PCOS showed no difference in the prevalence of hyperprolactinaemia compared to women with insulin resistance, and notably, all cases of hyperprolactinaemia in the women with PCOS were finally attributed to a prolactinoma or medication use [52] .
Seizures
Hyperprolactinaemia following seizures is transient with peak levels 10 to 20 min post-seizure and resolution within 2 to 6 h [53] . It has been proposed that this occurs due to propagation of epileptic activity from the temporal lobe to the hypothalamo-pituitary axis [54] . It is most common following generalized tonic-clonic seizures and can also be seen after alcohol withdrawal seizures or complex partial seizures; it is rare following simple partial or psychogenic non-epileptic seizures [53] . PRL is, therefore, a potentially useful biomarker in differentiating epileptic seizures from non-epileptic ones but the sensitivity and specificity of this are highly variable across different series [53] .
Pharmacological
A number of drugs can alter PRL homeostasis leading to hyperprolactinaemia via different mechanisms. The most common culprit medications are antipsychotics/neuroleptics and antidepressants [6, 55] and the main mechanisms involve reduction in dopamine transmission and increase in serotonin transmission (with the latter leading to augmentation of PRL releasing factors, like oxytocin and VIP) [55, 56] .
The prevalence of hyperprolactinaemia amongst different classes of medications is shown in Table 2 . 
Antipsychotics are typically divided into those with PRL-rising and PRL-sparing potential [56] . Possible explanations for these differences include variations in the speed of dissociation from the D2R, ability to cross the blood-brain barrier, presence of D2R polymorphisms, and degree of serotonergic inhibition [55, 56, 59] . First generation antipsychotics are typically associated with more severe hyperprolactinaemia (two to three times the upper limit of normal) [55] . Second generation antipsychotics have lower D2R affinity and stronger 5HT2A receptor blockage leading to milder PRL elevations [55] . Exceptions to this are risperidone, paliperidone and amisulpride, all second-generation antipsychotics that can cause significant hyperprolactinaemia [55, 56] . Both oral and depot formulations of risperidone and paliperidone increase PRL in a dose dependent manner. Amisulpride is thought to have the greatest potential for hyperprolactinaemia of all antipsychotics; these effects occur independent of dose and can resolve rapidly after discontinuation of the drug [55] . Aripiprazole and quetiapine show the lowest possibility for hyperprolactinaemia [55, 56] .
The PRL raising potential of commonly used first and second-generation antipsychotics is shown in Table 3 . 
Quetiapine * √ (9.09) 
Antidepressants
Different classes of antidepressants, including monoamine oxidase inhibitors, tricyclic antidepressants, and selective serotonin reuptake inhibitors (SSRIs) induce hyperprolactinaemia mainly via serotonergic pathways [55, 59] . This is typically mild and it is rarely symptomatic [59] .
Antiemetics
The antiemetics domperidone and metoclopramide antagonize D2R and can acutely induce hyperprolactinaemia [55, 59] . These effects can be harnessed for increasing breast milk production for breastfeeding [64] .
Opioids
Opioids can cause hyperprolactinaemia mediated by µ-, κand δ-opioid receptors in the hypothalamus [65] . Acute oral or iv opioid administration can induce hyperprolactinaemia in men and post-menopausal women, while the findings after chronic opioid use have been mixed [65] . High PRL has been found in individuals with opioid addiction, with opium smoking and on oral opioids for chronic pain, but not with intrathecal morphine or opioid maintenance therapy with buprenorphine or methadone [65] .
Antihypertensives
Verapamil is a non-dihydropyridine calcium channel blocker of the phenylalkylamine class [66] . This specific class of calcium channels blocker causes hyperprolactinaemia due to suppression of tuberoinfundibular dopamine; this is not seen with the other commonly used non-dihydropyridine agents diltiazem and nifedipine [67] . Methyldopa is a competitive inhibitor of the enzyme DOPA decarboxylase and causes hyperprolactinaemia through inhibition of dopamine synthesis [58] . Reserpine is an alkaloid used for treatment of hypertension and psychosis; it reduces dopamine transmission by blockade of vesicular monoamine transporter type 2 in monoamine neurons [68] .
Clinical Manifestations
The clinical manifestations of hyperprolactinaemia mainly relate with the reproductive system [25, 43] . The patients may also have other signs and symptoms depending on the aetiology of the PRL excess (e.g., mass effects, in case of a pituitary tumour (headaches, visual disturbances, hypopituitarism)).
Reproductive Manifestations
Women
Hyperprolactinaemia suppresses GnRH (via reduction of kisspeptin in the hypothalamic arcuate and periventricular neurons) leading to a decrease in LH pulse amplitude and frequency [43] . It also decreases ovarian oestrogen and progesterone production [43] . These result in menstrual irregularities (amenorrhoea or oligomenorrhoea), infertility, decreased libido and galactorrhoea [25] . Galactorrhoea (spontaneous or provoked) is a common manifestation in pre-menopausal females (up to 90%), but occurs less often in post-menopausal ones as the mammary glands are not primed with oestrogen and progesterone [69] .
Hyperandrogenism may be also a manifestation of hyperprolactinaemia due to stimulation of adrenal androgen production [51, [70] [71] [72] . In a prospective study including 101 medically and 22 surgically treated patients with prolactinoma and normal cortisol reserve, decreases in the adrenal steroid DHEA-S paralleled PRL reduction after treatment with dopamine agonist or surgery [72] . However, this study did not report on clinical symptoms of hyperandrogenism [72] . It is also unclear whether there is a link between hyperprolactinaemia and female pattern hair loss [73] . It is possible that PRL exacerbates hyperandrogenism in clinically predisposed women, such as those with PCOS [51] but further studies are needed on this topic.
Men
In males, hyperprolactinaemia causes hypogonadotropic hypogonadism [74] manifesting with reduced libido, erectile dysfunction, and impaired spermatogenesis [75] . Gynaecomastia (secondary to hypogonadism) and galactorrhoea occur rarely [75] . Anaemia, decreased energy and muscle mass may be also present as secondary manifestations of hypogonadism [71, 76] .
Bone Manifestations
It is well established that hypogonadotropic hypogonadism has negative impacts on bone health [77] . Furthermore, in vitro studies have demonstrated that PRL has variable effects on bone metabolism, depending on its levels. PRL within the physiological range stimulates bone formation, mild hyperprolactinaemia increases bone resorption, and marked hyperprolactinaemia further increases bone resorption and inhibits bone formation [77] . This is supported by findings that patients with prolactinoma have suppressed osteocalcin, high NTX (collagen type I crosslinked N-telopeptide), and increased RANKL (receptor activator of nuclear factor-kB ligand)/OPG (osteoprotegerin) ratio, suggesting increased bone resorption and decreased bone formation [77, 78] . The relative contribution of hypogonadotropic hypogonadism and hyperprolactinemia is controversial and it has been hypothesized that these mechanisms have synergistic effects on bone loss [77] . In vitro and animal studies have suggested that hyperprolactinaemia directly stimulates bone resorption independently of hypogonadism [77] but further research on this topic is needed.
Bone loss affects both men and women with prolactinoma, and reduced bone mineral density is more common in the lumbar spine than in the hip, suggesting that trabecular bone may be damaged earlier than cortical bone [77, 79] . In a case control study, higher rates of vertebral fractures were found in women with prolactinoma compared with controls [80] . A systematic review and meta-analysis demonstrated that rates of vertebral fractures were significantly lower in treated vs. untreated men and women with prolactinoma, independent of gonadal function [81] .
Diagnostic Approach
Blood Sampling for PRL
Current guidelines state that serum PRL can be drawn at any time of day [25] . Exercise and nipple stimulation should be avoided for at least 30 min prior to testing [26] .
Typically, normal PRL levels are <20 µg/L in men and <25 µg/L in women [82] , however, it is important to interpret the results according to the assay specific reference ranges [83] , and also considering pre/post-menopausal status. [18, 19] . A single PRL value above the upper limit of normal can be sufficient for confirmation of hyperprolactinaemia, provided blood sampling took place without excessive venepuncture stress [25] . However, if there is doubt, particularly in cases of mildly elevated PRL, sampling could be repeated at 15 to 20 min intervals to account for pulsatility [9, 25] . Dynamic tests are not currently used for establishing the diagnosis of hyperprolactinaemia [25] .
Biochemical Interpretation
Macroprolactin
Most circulating PRL (23 kDa) is monomeric, however, serum also contains larger isoforms including dimeric PRL or big PRL (45 to 60 kDa) and polymeric or big-big PRL (150 to 170 kDa) [25, 26] . Big-big PRL, termed macroprolactin, is mostly complexes of prolactin-IgG, prolactin-IgA, or polymeric aggregates of highly glycosylated PRL monomers [84] . In most individuals, the majority of serum PRL (~85%) is monomeric but in others there is preponderance of macroprolactin, referred to as macroprolactinaemia [25, 26] . The prevalence of macroprolactinaemia amongst cases with hyperprolactinaemia is reported between 4% and 40% [25, 26, 85] . Although macroprolactin is not considered to have significant biological activity, it retains partial or total immunoreactivity with anti-PRL antibodies used in commercial immunoassays [83] [84] [85] . Detection of macroprolactin is clinically important to avoid incorrect diagnosis and unnecessary investigations [83] . Gel filtration chromatography is regarded as the "gold standard" technique, however, it is labour-intensive and expensive [83, 84, 86] . Polyethylene glycol (PEG) precipitation is the most widely used method, as it is simple, fast, and cost effective [25, 83, 84, 86] . It involves mixing and incubating the serum with 25% PEG which is then centrifuged and the precipitating PRL complexes are subsequently quantified [83, 84, 86] . Recovery of free PRL > 60% of the total is suggestive of monomeric hyperprolactinaemia, whereas recovery <40% is consistent with macroprolactinaemia [33, 86] .
Despite the general view that macroprolactin does not have significant biological activity, in recent years, this has been a matter of debate [83, 85] . Thus, it has been proposed that macroprolactin can dissociate into biologically active monomeric isoforms; nonetheless, studies assessing the biological activity of macroprolactin in vitro have yielded conflicting results [83, 85, 86] . Kalsi et al. [87] in a study of 102 hyperprolactinaemic individuals, found that 68.8% of those with macroprolactinaemia had reproductive manifestations that could not be otherwise explained. This led the authors to propose that macroprolactin may have some degree of biological activity [87] but these findings require further validation. In daily practice, if macroprolactin is not assessed in local hospital laboratories, this can be evaluated in most reference laboratories upon request.
Hook Effect
Hook effect is another analytical issue important in clinical practice [25, 26] . It is encountered in the presence of excessively high PRL levels (as seen with macro-or giant prolactinomas) which saturate the antibodies used in the two-site immunoradiometric assay leading to artificially low PRL values [25, 26] . Failure to recognize this effect may result in missing the diagnosis of a prolactinoma and to incorrect therapeutic decisions [88] . Large pituitary macroadenomas (>3 cm with expected PRL level >10,000 µg/L) with only mild hyperprolactinaemia should raise suspicion for the hook effect, and close interaction between clinicians and biochemists is required in this scenario [25, 26] . It can be overcome by repeating the assay on 1:100 serum sample dilutions, or by performing a washout just after the binding of PRL to the first antibody aiming to eliminate the excessive unbound PRL [25, 26] . As many newer PRL assays are no longer susceptible to the hook effect, clinicians should consult with their local laboratories when querying this issue [25] .
Imaging
The diagnostic work-up of hyperprolactinaemia includes imaging of the sellar area, which is performed after excluding other common causes of high prolactin (physiological, primary hypothyroidism, drug-induced). Pituitary MRI (magnetic resonance imaging) enhanced with gadolinium is the gold standard approach [82] .
Diagnostic Algorithm
In patients on PRL-elevating drugs, PRL should be repeated after withdrawal of medications for 72 h, if possible [25, 56] . However, this approach may not be safe if this treatment is offered for psychiatric indications [89] . If stopping the drug is not feasible, pituitary MRI is advised to rule out a sellar/parasellar tumour [25, 56] . Due to the challenges in investigating hyperprolactinaemia in such scenarios, checking baseline PRL levels prior to initiation of antipsychotic medication is recommended aiming to avoid future unnecessary imaging [56] .
The differentiation between a PRL-secreting tumour and a NFA or other sellar/parasellar mass causing hyperprolactinaemia through "stalk effect" is very important, as these conditions are managed differently [42] . In prolactinomas, apart from the cystic ones [43] , adenoma size generally corresponds with PRL levels. Nonetheless, there is no PRL cut-off with perfect diagnostic value differentiating prolactinoma from other tumours [42] . Karavitaki et al. [42] in a series of 226 histologically proven NFAs showed that 99% of them had serum PRL of <2000 mU/L (~100 µg/L) suggesting that PRL above this limit is most likely consistent with a prolactinoma. Rarely, long-standing untreated primary hypothyroidism can cause significant lactotroph hyperplasia which may mimic a pituitary adenoma [49] . A proposed diagnostic algorithm for hyperprolactinaemia is shown in Figure 1 . 
Management
The main goals of therapy for hyperprolactinaemia are restoration and maintenance of normal gonadal function/fertility, and prevention of osteoporosis [74] . Specific management strategies depend on the underlying aetiology [25, 43] .
Prolactinomas
The therapeutic targets in prolactinomas are to normalize PRL, reduce tumour size, resolve clinical manifestations of hyperprolactinaemia and of mass effects (particularly visual disturbances) and prevent progression or recurrence of the tumour [25, 74] .
Conservative Management
Based on current guidelines, patients with microprolactinoma who are asymptomatic or post-menopausal do not require treatment [25, 82, 90] . However, some authors advocate treatment in post-menopausal women due to the postulated negative effects of hyperprolactinaemia on bone health, weight gain, and insulin resistance [77, 91] . Post-menopausal women managed with a conservative strategy require ongoing surveillance for tumour progression [25, 82, 90] .
Dopamine Agonists
Dopamine agonists (DA) are first line treatment for patients with prolactinoma [25, 43, 82] . They induce apoptosis, autophagic cell death and paraptosis of lactotrophs through different molecular pathways mediated by D2R, leading to reduced prolactin secretion and tumour shrinkage [92] . Available DAs include bromocriptine, cabergoline, and quinagolide [25, 43, 82] . Bromocriptine is a semisynthetic ergot derivative with D2R agonist activity and D1R antagonist activity requiring daily administration due to its short half-life; starting doses are 0.625 to 1.25 mg/day and can be titrated to 2.5 to 15 mg/day [25, 82, 93] . Cabergoline is a D2R selective agonist with longer half-life allowing a single to twice weekly administration; typical starting doses are 0.25 to 0.5 mg once or twice weekly with titration to usual doses of 0.5 to 3 mg weekly. [25, 82, 93] . Quinagolide is a non-ergot derived D2R agonist with a 22-hour half-life which allows for daily dosing; typical starting doses are 25 mcg daily usually titrated to 75-150 mcg daily [93] . Current guidelines recommend cabergoline to be used as first line over bromocriptine due to its superior efficacy (attributed to greater affinity and selectivity for D2R) and more optimal side effect profile [25, 43, 82, 92] . Improved adherence due to fewer side effects and more convenient dosing schedule are also further advantages [25, 92] . Results from cumulative studies have demonstrated that DAs result in reduction in tumour size in 20 to 100% (median 62%), resolution of visual field defects in 33 to 100% (median 67%), resolution of amenorrhea in 40 to 100% (median 78%), resolution of infertility in 10 to 100% (median 53%), improvement of sexual function in 6 to 100% (median 57%), resolution of galactorrhoea in 33 to 100% (median 86%), and normalization of PRL in 40 to 100% (median 68%) of the patients [25] .
Common side effects of DAs include nausea and/or vomiting and postural hypotension which can lead to dizziness and syncope, a digital Raynaud-type syndrome, and, more rarely, leg cramps, flushing, and nasal congestion [94] . High dose DA (as offered in Parkinson's syndrome) increases the risk of cardiac valvulopathy [95] but the risk of clinically significant valvulopathy in patients with prolactinoma is still not clearly established [96] . Most studies on prolactinoma patients do not show an elevated risk [97] [98] [99] but, given the uncertainty around the risk of valvulopathy in this setting, current guidelines recommend screening echocardiography prior to initiating DA, and thereafter every five years for patients taking cabergoline less than 2 mg per week or annually for those on more than 2 mg per week [100] .
Rarely, DAs can induce mood changes and psychosis in susceptible patients [101] . More subtle psychiatric symptoms manifesting as impulse control disorders are also increasingly being recognized [102] . Pituitary apoplexy has been reported during use of DA in a small number of cases [103] and usually this occurs in patients with macroprolactinoma during the first 1.5 years of treatment [103] [104] [105] .
Guidelines suggest that withdrawal of DA may be attempted after at least two years of therapy if PRL has normalized and there is no visible tumour on MRI; remission rates of 26 to 69% have been observed following discontinuation [25, 82] . Withdrawal of DA carries risk of tumour recurrence or regrowth, particularly in the first year, and ongoing regular surveillance is required [25, 82] . DA withdrawal may also be considered in women once they become post-menopausal [25] , however, prolactinoma regrowth has been observed in this setting, and continued surveillance is required [90] .
In case of pregnancy, DA should be discontinued, except in selected patients with macroadenoma at risk of visual deterioration [25] . Although there is longer experience with use of bromocriptine than with cabergoline during pregnancy, both have demonstrated safety in this setting [106] . The risk of prolactinoma growth during pregnancy is <2% for microprolactinomas and around 18% for macroprolactinomas [25, 43, 82, 106] . If visual deterioration occurs, management options include reinstitution of DA or surgical debulking [25] . If surgery is to be undertaken, the preferred timing is during the second trimester [43] . If the pregnancy is at or near term, induction of delivery may also be considered [25, 43] . Remission rates following pregnancy of 10 to 60% (median 27%) have been reported, and breastfeeding does not appear to increase the risk of tumour growth [43, 107, 108] .
Normalization of PRL and/or tumour shrinkage cannot be achieved with DA treatment in all cases of prolactinomas [25, 109] . Prolactinomas are labelled as DA resistant due to either failure to achieve normoprolactinaemia and/or failure to achieve 50% reduction in tumour size with maximum tolerated DA dose (can be up to 30 mg daily for bromocriptine or 12 mg weekly for cabergoline [110, 111] ) after at least 6 months of treatment [109] . DA resistance occurs in approximately 20 to 30% of patients on bromocriptine and around 10% of patients on cabergoline [109] . Male sex, younger age at diagnosis, tumour invasiveness (particularly in the cavernous sinus) and size >4 cm have been proposed as clinical factors associated with DA resistance [109, 112] . In such cases, switching bromocriptine to cabergoline is an option, leading to normalization of PRL in 80 to 85% of patients [109] . On the other hand, changing cabergoline to bromocriptine is rarely effective [111] but systematic data are not available. For patients already on cabergoline, dose escalation is another option, as a number of them (around 15 to 20%) may require higher than the conventional doses of 2 mg per week [25, 111] . It is uncommon for a prolactinoma initially responsive to DA to become resistant to this treatment; if this occurs, adherence to the DA should be confirmed [43, 109, 111] . Transsphenoidal surgery and radiotherapy are second and third line management options, respectively, for resistant prolactinomas, as discussed below [25] .
The above strategies are not always successful in overcoming resistance to DA, and, therefore, alternative medical therapies have been explored [109] . Somatostatin analogues (SSA) alone or in combination with DA have been proposed as a potential approach, due to expression of all somatostatin receptor (SSTR) subtypes in prolactinomas [109] . However, results from small case series using first generation SSA (octreotide and lanreotide) have been conflicting [109] . Second generation SSA (pasireotide) may confer a theoretical advantage over first generation ones due to greater affinity for SSTR5, however, successful experience with this agent is limited to two case reports [109] . Due to the effect of oestrogens on lactotroph proliferation and hyperplasia, case reports and small case series have explored use of selective oestrogen receptor modulators and aromatase inhibitors for DA resistant prolactinomas, but the results of these studies are not conclusive [109] . Metformin, tyrosine kinase inhibitors (EGFR and VEGF inhibitors), and mTOR inhibitors have attracted interest, but clinical evidence is limited to case reports, necessitating further work on this field [109] .
Temozolomide (TMZ) has been used as first line chemotherapeutic agent in lactotroph carcinomas and aggressive prolactinomas [109] . Lower expression of the DNA repair protein O6-methylguanine-DNA methyltransferase (MGMT) has been proposed to correlate with TMZ effectiveness and checking for the MGMT tumour status by immunohistochemistry prior starting treatment is recommended [109] . Response to TMZ within three months of treatment is a predictor of efficacy; discontinuation is advised if there is radiological progression after that interval [109] .
Surgery
Surgery could be considered for prolactinomas where maximum doses of DA are not effective or tolerated, for those presenting with pituitary apoplexy with visual deterioration, when there are cystic tumour components compressing the visual pathway, or if cerebrospinal fluid leak develops [25, 43, 110, 111, 113] . Surgery may also be an option for young patients with microprolactinoma, as this may be a more cost-effective approach compared with lifelong DA therapy [114] . Rates of post-operative remission are widely variable across the literature, and are reported 38 to 100% for microprolactinomas and 7 to 80 % for macroprolactinomas [115] ; lower rates of remission are described in tumours with cavernous sinus invasion [111, 116] . Higher success rates are seen in the hands of experienced pituitary surgeons [114] . DA resistant prolactinomas may show improved responsiveness to these agents following debulking surgery [110, 111] .
Radiotherapy
Radiotherapy is a third line option for prolactinomas that have failed medical and surgical management, or for aggressive or malignant ones [25, 43, 110] . Although it can be effective in controlling tumour growth, normalization of PRL is reported in only one third of patients, and it may require up to 20 years for maximal effects to be seen [25, 43, 111] . Pituitary irradiation is associated with late adverse effects mainly including hypopituitarism, optic nerve damage, cranial nerve dysfunction, as well as increased risk of stroke and second brain tumours [25, 82, 117] .
"Stalk Effect"
Sellar/parasellar tumours leading to hyperprolactinaemia due to the "stalk effect" are usually managed surgically [118] . In a series of 267 patients with NFA, 72 had hyperprolactinaemia secondary to "stalk effect" and eight of them had galactorrhoea [119] . At 12 weeks postoperatively, PRL normalized in 92% and all cases of galactorrhoea resolved [119] . In selected cases, there may be clinically significant hyperprolactinaemia from the "stalk effect" in the absence of other indications for surgery, such as hormone hypersecretion and visual field compromise. In these patients, hypogonadism should be treated, and if galactorrhoea is also bothersome, a pragmatic approach is to trial DA [120] . Notably, DA treatment has been associated with reduction in the rate of residual adenoma enlargement in patients with NFA who had surgical removal of the tumour [121] .
Other Pathological Causes
Hyperprolactinaemia secondary to primary hypothyroidism should be managed through treatment of the underlying hypothyroidism with thyroid hormone replacement [25, 43] .
Hyperprolactinaemia secondary to renal failure has been shown to normalize following successful renal transplantation [25] . The use of PRL lowering treatment in patients with hyperprolactinaemia secondary to chronic kidney or liver disease has not been investigated.
Pharmacological
In hyperprolactinaemia secondary to medication use, the preferred approach is to discontinue the offending drug [25, 43] . However, this strategy may not be safe for patients with psychiatric disorders on antipsychotics [89] . Although antipsychotic-induced hyperprolactinaemia is common, there is no consensus on its management due to lack of high quality evidence [89] . Grigg et al. [89] in a systematic review and critical analysis of published guidelines and literature on this topic proposed that, if possible, baseline PRL level should be drawn prior to initiating or changing antipsychotic therapy [89] . Patients with asymptomatic hyperprolactinaemia due to antipsychotics should undergo periodic monitoring of PRL, as well as regular clinical assessments for relevant manifestations [56, 89] . For those with symptomatic hyperprolactinaemia, a trial of stopping the antipsychotic medication is not recommended due to risk of exacerbation or relapse of psychiatric symptoms [89] . One option is to decrease the dose of the antipsychotic but this may result in reduced control of psychiatric symptoms, and may also be ineffective, as hyperprolactinaemia in this setting is not always dose related [55, 89] . Due to partial agonism at D2R, addition of aripiprazole as an adjunctive therapy has shown to be an effective strategy in reducing hyperprolactinaemia, however, there is concern that this could lead to a reduction in the efficacy of the primary antipsychotic or to increased side effects due to polypharmacy [55, 59, 89] . A further option is initiating hormone replacement therapy with oestrogen (oral contraceptive pill or hormone replacement therapy depending on whether contraception is required) or testosterone, as appropriate [89] . Switching antipsychotics to reduce hyperprolactinaemia is a last resort and should be undertaken with caution only when the psychiatric condition has been stabilized [89] . Use of DA in this patient population is not currently recommended due risk of worsening psychotic symptoms and lack of established safety [89] . Management of antipsychotics-induced hyperprolactinaemia should be undertaken in close collaboration with psychiatry and be individualized based on the potential benefits and risks of each strategy [89] .
Hyperprolactinaemia and Metabolic/Cardiovascular Risk
Metabolic Risk
Animal studies have demonstrated that PRL is implicated in appetite regulation, body weight, and fat deposition [122] . PRL is involved in the development of pancreatic β-cells and has also been postulated to have functional importance in the adult pancreas [123] . It may contribute to insulin resistance and hyperglycaemia through decreasing glucose transporter 4 (GLUT4) expression and inducing pyruvate dehydrogenase kinase 4, thereby, reducing glucose uptake and oxidation [123] . PRL signalling appears to modulate adipocyte differentiation and impact energy homeostasis and thermogenesis [123] .
In large population-based studies from China and USA, normal to high-normal PRL levels (but within the reference range) were related to favourable glucose metabolism profile and low risk of diabetes mellitus type 2 [124, 125] . There is limited data on hyperprolactinaemia and metabolic parameters. PRL may impact insulin resistance; patients with hyperprolactinaemia have higher insulin, HOMA-IR, and HOMA-β index levels compared with healthy controls [126] . A correlation between hyperprolactinaemia and BMI (body mass index) has also been observed in prolactinoma patients independent of hypogonadism [127] .
Several studies have evaluated the effect of treatment of hyperprolactinaemia with DA on numerous metabolic parameters. DAs reduce triglycerides, fasting glucose, and LDL cholesterol in individuals with prolactinomas [127] . In contrast, in another study on prolactinoma patients offered DA demonstrated no change in fasting glucose, although significant decrease of LDL and total cholesterol were observed [128] . A report of 20 premenopausal women with prolactinoma described significant decreases in BMI, total cholesterol, and LDL following treatment with DA [129] . Furthermore, in a series of 61 patients with prolactinoma, significant improvements in lipid profile, insulin resistance, visceral adiposity, and prevalence of metabolic syndrome following treatment with cabergoline were found [130] . However, it is difficult to discern whether these favourable metabolic effects are directly related to resolution of hyperprolactinaemia or are due to restoration of gonadal function or a combination of both. Notably, a study of 32 men with prolactinoma demonstrated significant decreases in the prevalence of metabolic syndrome after 12 months of treatment with cabergoline only amongst those with hypogonadism at baseline [131] . Nonetheless, significant improvements in weight, BMI, waist circumference, lipid profile, and insulin resistance were seen in both hypogonadal and eugonadal patients, suggesting that PRL may play a direct role in mediating these adverse metabolic effects [131] .
Cardiovascular Risk
It has been proposed that hyperprolactinaemia has cardiovascular actions, either direct or indirectly through hypogonadism [132, 133] . PRL increases sympathetic tone and mediates chronotropic and vasoconstrictive effects; for this reason, it has been implicated in cardiovascular (CV) risk [132] . In women, PRL >8 µg/L was independently associated with risk of incident hypertension [134] . However, the Framingham Heart Study did not find any association between CV risk and variation in PRL levels (when within the reference range) [135] . Furthermore, differences in PRL values have not been shown between women with different levels of CV risk [132] .
Higher concentrations of several cardiac risk markers including total cholesterol, LDL, apo B, platelet count, fibrinogen, AT-III, PAI-1 and PAI-1/t-PA have been reported in patients with prolactinoma [136] . In a retrospective cohort study including 2233 individuals with prolactinoma and 10,355 matched controls, only males were at increased risk of incident cardiovascular disease (incidence rate ratio 1.94; 95% CI: 1.29-2.91, p = 0.001) [137] . However, the contribution of possible growth hormone deficiency and/or hypogonadism in these findings cannot be excluded.
Hyperprolactinaemia and Autoimmunity
PRL modulates humoral and cellular immune responses through different but not completely understood mechanisms. It induces production of IL-1, IL-6, and interferon γ, and expression of IL-2 receptors, regulates the maturation of CD4+ and CD8+ T-cell, modulates cytokine production, stimulates pro-B cell generation, and reduces the apoptosis of transitional B cells [138, 139] . Hyperprolactinaemia is associated with enhanced activation of anergic B cells that promote autoreactivity [138, 139] . Moreover, pro-inflammatory cytokines stimulate pituitary PRL secretion [140] and lymphocytes express dopamine receptors (predominantly D4R and D5R) modulating local PRL production and secretion [8] . A recent case control study by Liu et al. [141] of 202 patients with hyperprolactinaemia found that a significantly higher proportion of hyperprolactinaemic patients had at least one detectable autoantibody, as well as higher levels of IL-4 and IL-6 compared to healthy controls.
Lupus
A systematic review and meta-analysis of 12 studies by Wang et al. demonstrated significantly higher PRL levels in patients with systematic lupus erythematosus (SLE) [142] . It should be noted though that an association between hyperprolactinaemia and SLE has not been confirmed in all reports [143] ; in the systematic review by Wang et al. [142] , differences in PRL levels between patients and controls were statistically significant in populations from Asia and Europe but not from America.
Animal studies have found enhanced expression of PRL-R on T-cells, and that metoclopramiderelated hyperprolactinaemia induced features of SLE [144, 145] . Human studies have also demonstrated an association between hyperprolactinaemia and manifestations of lupus; hyperprolactinaemia in patients with SLE has been associated with higher risk of serositis and anaemia [139] , as well as with neurological manifestations, renal involvement, haematological manifestations, and serological disease markers, namely complement and anti-dsDNA [146] .
Rheumatoid Arthritis
Studies on PRL levels in RA have provided inconsistent results with lower, higher, or equivocal values [139, 147] . It has been shown that the risk and severity of RA are decreased in reproductive states characterized by hyperprolactinaemia (pregnancy and breastfeeding) [148] . However, others have demonstrated that severe disease is associated with longer period of breast-feeding and larger number of breastfed children [149] . A randomized placebo controlled study of bromocriptine offered in 88 patients with active RA on background treatment with methotrexate did not have any significant impact on disease activity score at three months [150] .
Various hypotheses have been proposed for the inconsistent findings. It has been postulated that lower PRL levels are immunostimulatory, whereas higher ones are immunosuppressive [148] . Others have suggested that extra-pituitary PRL is more important in the pathogenesis of RA than pituitary PRL; PRL-receptors have been demonstrated in synovial macrophages, and PRL mRNA expression in synovial tissue is positively correlated with clinical disease activity [147, 151] . Further reports have also implicated the significance of extra-pituitary prolactin promoter polymorphisms [152] .
Multiple Sclerosis
PRL has been implicated in the pathogenesis of multiple sclerosis (MS) and other demyelinating disorders [149, 153] . PRL is thought to have dual effect in the central nervous system; it stimulates regeneration of neurons, oligodendrocytes, and neural stem cells, and also promotes aberrant immune responses through stimulating B cell autoreactivity [149] . The latter mechanism possibly explains the correlation between hyperprolactinaemia and MS [140, 149] . Patients with MS have higher PRL levels compared to controls, and this has also been shown in patients with neuromyelitis optica (NMO) [140, 153] . Notably, PRL is higher in patients with MS or NMO during attacks compared with phases of remission [153] but it is still unclear whether hyperprolactinaemia is a primary cause or a secondary effect of the disease.
Other Autoimmune Disorders
Hyperprolactinaemia has been described in numerous other autoimmune disorders including systemic sclerosis, Behçet's disease, and polymyositis [138] . In coeliac disease, a positive correlation between serum PRL with disease activity, mucosal atrophy, and concentration of anti-endomysial antibodies has been shown [149] . A small study demonstrated higher levels of the PRL-R in patients with alopecia areata compared to controls, and levels of the PRL-R were correlated with disease severity [154] . Patients with pemphigus vulgaris have also been shown to have higher PRL compared with controls [155] . The pathophysiological significance of these findings remains to be elucidated.
Cancer
An association with PRL levels and breast [156] [157] [158] , ovarian [159] , colon [160, 161] and hepatocellular [162] cancer has been suggested. Although basic science studies have implicated a role for PRL and its receptor in the pathogenesis of different malignancies [157, 158, [163] [164] [165] [166] , a clear causal relationship between PRL and cancer remains controversial [158] . Epidemiological studies on this topic have shown conflicting results [158] , and reports suggesting positive association between PRL values and cancer risk should be interpreted with caution, as some include individuals with normal PRL values, or rely on a single measurement of the hormone [156] [157] [158] . Notably, a study of 1342 women with hyperprolactinaemia treated with DA did not demonstrate increased risk of breast cancer compared with the general population [167] . Well-designed epidemiological and clinical studies are required to investigate reliably this issue.
Conclusions
Hyperprolactinaemia is a biochemical diagnosis with a broad range of aetiologies. Detailed history and clinical assessment are important first steps for the differential diagnosis and for verification of pathological causes. Exclusion of macroprolactin and consideration of the "hook effect" are important points in the diagnostic approach. Medications and sellar/parasellar masses (prolactin secreting or acting through the "stalk effect") are the most common causes of pathological hyperprolactinaemia.
Treatment of hyperprolactinaemia mainly aims at restoration and maintenance of normal gonadal function/fertility, and prevention of osteoporosis. Specific management strategies depend on the underlying cause. A particularly challenging scenario is drug-induced hyperprolactinaemia, especially when this occurs in association with antipsychotics or other psychiatric medications, as the degree of PRL elevation can be variable and discontinuing or changing the culprit medication may not be safe. DA are the mainstay of therapy for prolactinomas and specific guidelines are available in clinical practice.
Recent data expand the biological effects of prolactin particularly on metabolism, cancer, cardiovascular and immune systems opening new avenues on the clinical implications of prolactin and the consequences of hyperprolactinaemia.
